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Inosine monophosphate dehydrogenase (IMPDH) is a key
regulatory enzyme in the de novo synthesis of the purine base
guanine. Dominant mutations in human IMPDHI1 cause
photoreceptor degeneration for reasons that are unknown.
Here, we sought to provide some foundational information on
Impdhla in the zebrafish retina. We found that in zebrafish,
gene subfunctionalization due to ancestral duplication resulted
in a predominant retinal variant expressed exclusively in rod
and cone photoreceptors. This variant is structurally and
functionally similar to the human IMPDH]1 retinal variant and
shares a reduced sensitivity to GTP-mediated inhibition. We
also demonstrated that Impdhla forms prominent protein fil-
aments in vitro and in vivo in both rod and cone photoreceptor
cell bodies, synapses, and to a lesser degree, in outer segments.
These filaments changed length and cellular distribution
throughout the day consistent with diurnal changes in both
mRNA and protein levels. The loss of Impdhla resulted in a
substantial reduction of guanine levels, although cellular
morphology and ¢cGMP levels remained normal. Our findings
demonstrate a significant role for IMPDHI1 in photoreceptor
guanine production and provide fundamental new information
on the details of this protein in the zebrafish retina.

Inosine monophosphate dehydrogenase (IMPDH) is a uni-
versally conserved enzyme that catalyzes the rate-limiting step
in de novo GTP synthesis, converting the precursor inosine-5'-
monophosphate (IMP) into xanthine-5-monophosphate
through a covalent intermediate, reducing NAD" in the pro-
cess. IMP is the first stable purine nucleotide in the pathway,
and it is the precursor of both ATP and GTP. IMPDH plays a
critical role in balancing flux between adenine and guanine
nucleotide synthesis. Downstream guanine nucleotide prod-
ucts and ATP are allosteric effectors of Impdh (1-5). Impdh
forms filaments containing stacked octamers (6-8). Recent
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findings show that human IMPDH2 and the IMPDH1 human
retinal variants form filaments that maintain a protein
conformation that resists GTP inhibition (3, 9).

Vertebrates have two IMPDH isoforms, IMPDH1 and
IMPDH2. IMPDH?2 is abundant in proliferating cells. IMPDH1
is widely expressed at low levels in most tissues (10). In
contrast, IMPDH1 expression in photoreceptors is robust (11),
which is likely because of the critical importance of both 3'-5'
¢GMP and ATP in photoreceptors. cGMP is a signaling
molecule that is generated from GTP in the dark and is hy-
drolyzed to 5'-GMP in the light. cGMP levels in photoreceptor
outer segments regulate opening and closing of cation chan-
nels to control the membrane potential that drives signaling in
response to light (12). In addition, energy consumption by
photoreceptor neurons is uniquely high. Na*/K" efflux in the
inner segment compensates for Na* influx to maintain mem-
brane potential. This consumes up to 10° ATP per second in a
mouse rod photoreceptor (13).

In humans, at least nine different mutations in IMPDHI1 are
linked to photoreceptor death, in the diseases autosomal
dominant retinitis pigmentosa and Leber’s congenital amau-
rosis (14). Disease symptoms, which range from infancy in the
most severe cases to late middle age, vary depending on the
mutation. The molecular mechanisms causing IMPDH1-
related photoreceptor degeneration are unknown, although
many hypotheses have been proposed (15-21). Recent work
has focused on dissecting the structure and function of the
primary variant expressed in retina. In humans, this variant has
extensions at both the N- and C-termini compared with the
canonical enzyme, and a prevailing hypothesis from in vitro
analysis of retinopathy mutations is that altered activity of the
retinal variant could explain the cause of degeneration. How-
ever, although some retinopathy mutations show defects in
allosteric regulation and filament formation, these effects are
identical in the canonical form of the enzyme (9).

A recent study examining the role of endogenous IMPDH1
in mouse retina indicated a role for the enzyme in cGMP
synthesis during prolonged bright light. This response corre-
lated with enzyme phosphorylation and filament formation
(22). Mutations that disrupt normal cGMP metabolism in
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Impdh1 dynamic filaments produce most photoreceptor guanine

photoreceptors cause cell degeneration and blindness (23).
Thus, one hypothesis is that IMPDH1 mutations cause
degeneration by elevating cGMP. Indeed, one class of reti-
nopathy mutations reduces enzyme inhibition by GTP, which
could result in elevated cellular cGMP (9). However, a second
class of mutations has no obvious structural or functional
phenotype (9). Disease models to study IMPDHI retinopathy
mutations would provide the ability to dissect the causes of
disease in vivo.

Zebrafish are widely used to study human mutations causing
retinal degeneration (24-31). In this study, we provide funda-
mental information on Impdhl in the zebrafish retina. We
determine the primary splice variant present in the retina and
show its exclusive expression and ability to form filaments in rods
and cones. We demonstrate biochemical and structural similarity
between the zebrafish and human retinal variant of IMPDH]I,
uncover dynamic changes in photoreceptor filaments throughout
the day, and use metabolomics to elucidate an important role for
Impdhl in purine nucleotide homeostasis in photoreceptors. Our
study provides the foundation for using zebrafish to determine
Impdhl function in normal and diseased retina.

Results
IMPDH expression in zebrafish retina

Using primers that recognize all reported major splice var-
iants for impdhla, 1b, and 2 (Table 1), we found that peak
expression of impdhla and impdhlb transcript levels in the
zebrafish retina occur at different times during the day;
impdhla shows highest expression at light onset (9 AM) and
impdhlb peaks at dark onset (11 PM). To test whether
expression patterns might be circadian, we also analyzed
expression in fish retina in darkness after a 24 h dark incu-
bation. In general, the changes in expression were maintained
in constant darkness, however, there was a light-dependent
increase in the expression for impdhla, which we did not
detect for impdhlb. imdph2 expression remained constant
over a 24-h period (Fig. 1A4). Using the maximal mRNA levels
for each gene (la, 1b, and 2), we found that impdhla is the
most abundant impdh transcript in the zebrafish retina, with
more than 9-fold the level of imdphlb and more than 32-fold
the level of imdph2 (Fig. 1B).

We then used primer combinations of four imdphla splice
variants listed in NCBI to determine which transcript is pri-
marily expressed (see Table 1). We found that the predomi-
nant transcript variant (tv) is X1, and we identified a new
transcript which we designate as X4 (Fig. 1, C and D). Using
unique N-terminal and C-terminal primers to distinguish the
predicted variants, we found that X1 is expressed ~150 times
more than the X2 to 4. To further confirm our findings, we
developed two antibodies that detect the C-terminus of X1,
X3, and impdhla (544) and the N-terminus of X1 and X2.
These antibodies are specific and verified that only the X1 (624
aa) variant is expressed at significant levels in the zebrafish
retina (Fig. 1E). No protein was detected in the fish strain
impdhla*®?***, which contains a splice site mutation in
impdhla that introduces a premature stop codon (32). The
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diurnal change in mRNA expression was partially recapitu-
lated in protein levels on Western blots (Fig. 1F).

The zebrafish retinal variant is structurally and functionally
conserved with human IMPDH1

Structural features and filament assembly properties are
broadly conserved between zebrafish Impdhla (544) and hu-
man IMPDHI1 (9) (Fig. 2A4). Negative stain electron micro-
scopy reveals that, like human IMPDH]1, addition of ATP or
GTP stimulates filament assembly of Impdhla (544) and
Impdhla_tvX1. Both ATP and GTP drive assembly of fila-
ments made of stacked octamers (6, 33, 34). Previous studies
have shown that IMPDH octamers are in an extended
conformation in the active state, and that GTP binding induces
a compressed and inactive conformation (3, 9). Similarly, both
zebrafish Impdhla (544) and Impdhla_tvX1 filaments are in
the active/extended state with a rise 111 A and 107 A,
respectively, when bound to ATP or the inhibited/compressed
state with a rise of 86 A and 100 A, respectively, when bound
to GTP. At this resolution, the zebrafish protein was very
similar to the human retinal variants. The designed non-
assembly point mutation Y12A breaks assembly of both
IMPDHI1a variants (9, 35, 36).

Human IMPDHI1 retinal variants include N- and C-terminal
extensions that play significant roles in modulating GTP-
feedback sensitivity and structure (9). Zebrafish Impdhla
(544) includes the C-terminal extension but not the N-ter-
minal extension, whereas Impdhla_tvX1 has both (Fig. 2, B
and C). Critical amino acids in both termini of the human
retinal variants are conserved in the zebrafish proteins (Fig. 2,
B and C). Human IMPDH1 forms polymorphic filaments,
whereas the N-terminal helix in the retinal spice variant
IMPDH1(595) controls filament assembly and only permits
one filament architecture that resists GTP inhibition (9). This
N-terminal helix is conserved in the zebrafish Impdhla_tvX1,
and we hypothesize the helix plays the same role in controlling
assembly of the zebrafish protein. In humans, the C-terminal
extension decreases sensitivity to GTP, but the mechanism of
action is still unknown. The C-terminal end is conserved be-
tween human and zebrafish, which suggests a conserved
function.

We found that zebrafish Impdhla_tvX1 resists GTP inhi-
bition in a similar fashion to the human retinal variants (9)
(Fig. 2D). Zebrafish Impdhla has an ICsq for GTP of 460 pM,
whereas Impdhla_tvX1 is more than tenfold less sensitive to
GTP, with an ICsy of 4900 uM. When the nonassembly mu-
tation Y12A is introduced to Impdhla_tvX1, the ICsq for GTP
drops to near Impdhla levels (780 uM). This pattern is similar
to the human IMPDHI retinal variant, in which the effect of
the N-terminal extension on decreasing GTP sensitivity is
dependent on filament assembly (9).

Impdh1ia_tvX1 is expressed exclusively in rods and cones and
forms filaments

Using our antibody to the C-terminus of Impdhla_tvX1, we
next analyzed the cellular distribution of protein in the retina.
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Table 1
Primers

Target/NCBI reference sequence

Forward primer (5’ to 3')

Reverse primer (5’ to 3')

Gene amplification
impdhla/NM_001002177.1

ACAGAGAACAGATTGGTGGATCCATGGCT

GAGTGCGGCCGCTTAGCTGCTGTGTT

GATTACCTGATCAGCGG TAGTGACGGC
impdh1b/NM_001014369.2 ACAGAGAACAGATTGGTGGATCCATGGCA GAGTGCGGCCGCTTAGTAAAGACGC

GACTATCTGATAAGCGGAGGAA TTCTCGAAGGAGTGAAGTC
impdh2/NM_201464.1 ACAGAGAACAGATTGGTGGATCCATGGCG CTCGAGTGCGGCCGCTTAAAACAGG

GACTATTTAATCAGCGG CGCTTCTCATAGCTGT
impdhla_tvX1/XM_005159007.4 TTTGGGGAAATCAGTCCAAC GAAGCCCGAACAAAACAAAA

impdhla_tvX2/XM_005159008.4
impdhla_tvX3/XM_009293441.2 GAAGCCCGAACAAAACAAAA GGAGACCCTTCATCCACAGC
impdhla_tvX4/MZ851785 GGAGACCCTTCATCCACAGC GTTGAGAAATGAGCGCCTCT
Genotyping
impdhla-sa23234 GACGCCACTCATTTCCTCTC CTTTCCGGACCTCGTTAGC
rho-fl9 CCCTTCGAAGAGGAAGAGG TCGAGAGTGTCTGGAAGGAGA
qPCR

impdhla (all variants) CATTGCAGGAATTCAACACG GAACTCCACCCTCAACCTGA
impdh1b (all variants) Set 1 AGCAAACTAGTCGGCATCGT GGCAGGAGCGACTACAAGAT
impdhlb (all variants) Set 2 ATCTGATAAGCGGAGGAACG CCAGGCAAGATCAGGAAGTC
impdh2 (all variants) TCTGGAGACGGCCTTACCTA ATAGGCGACGAGATCAGTGG
impdhla_tvX1 & X2 (N-term) AATGGCCCGTTTACTCACAG GTAATCAGCCATGCTCTCTGG
impdhla_tvX3 & X4 (N-term) GGCGAATATTCAGCAGAAGG ATCACCGATGGCAAAGAGTT
impdhla_tvX1 & X3 (C-term) CATTGCAGGAATTCAACACG TAAATGGCAAAAAAGAATATGA
impdhla_tvX2 & X4 (C-term) CATTGCAGGAATTCAACACG ATAACCGTTTCTCGTAAGAAT
es] NM_131039.1 TCACAACACCCGTGAACCTT GGTCTCCCACATGAAGGTCG
gnatl NM_131868.2 AGTGCATACGACATGGTGCT GATGTGGTGGCGAAGTAACG

We used immunohistochemistry (IHC) and high-resolution
confocal imaging to localize Impdhla_tvX1 in WT zebrafish
retinas. As in Western blots, our antibody was highly specific
and labeled WT retinas (Fig. 34) but not retinas from a fish
strain with a splice site mutation, impdhla****** and conse-
quently no IMPDHIa protein (Fig. 3B; also see Fig. 1E; (32)).

In WT retinas, Impdhla_tvX1 is expressed only in rods and
cones (Fig. 3, C and D). In both rods and cones, filaments are
easily detected in the cell body and synapse and in outer
segments of cones although at much lower levels (arrow
pointing to outer segment filament, Fig. 3C’). The retina shown
in Figure 3, D and D’ is bleached, so filaments in rod cell
bodies (co-stained with rod marker 4C12 (magenta), and
outlined with dotted white box) are visible and not hidden by
melanin within the retinal pigment epithelium.

To quantify the relative expression levels of impdhla_tvX1in
rods and cones, we used zebrafish mutants that lack cones (37)
or rods due to degeneration (38). Analysis by qPCR at a single
time point determined that ~50% of the retina’s impdhlia
transcript and ~27% of the retina’s impdhlb transcript is
expressed in cones (Fig. 3E). As expected, the remaining ~50%
impdhla expression is in rods (Fig. 3F). An insignificant amount
of impdh?2 is expressed in either rods or cones. Although the
relative abundance in each cell type may change throughout the
day, we conclude that Impdhla_tvX1 is robustly expressed in
both rod and cone photoreceptors, consistent with our ability to
easily detect filaments in both cell types.

Impdh1ia filaments are dynamic

The retinal variant of human IMPDH1 and zebrafish
Impdhl (Impdhla_tvX1) stabilizes a filament conformation
that resists allosteric inhibition by GTP (Fig. 2 and (9)). This
suggests that filaments may dynamically localize to regions of
high GTP demand. To analyze this, we quantified filament
length throughout the inner segment (IS) portion of the cell at
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four different times of the day, 11 AM, 5 PM, 11 PM, and 5
AM, in both rods and cones. For the synapse, we quantified the
overall change in fluorescence intensity at these timepoints
because the high concentration of Impdhla_tvX1 in this re-
gion of the cell made it difficult to resolve filaments even with
image deconvolution. We distinguished rods from cones using
the 4C12 antibody (rods) and a transgenic strain expressing
GFP specifically in cone photoreceptors (Fig. 44 and Table 2).

We detected Impdhla_tvX1 in the IS of both rods and cones
at all timepoints (Fig. 4B). In cones, Impdhla_tvX1 aggregates
were more elongated (filamentous) during the day and more
rounded (circular) at night (Fig. 4C, left). In contrast, rod ISs
had smaller changes in filament shape throughout the day
(Fig. 4C, right), with the most elongated filaments at 5 PM.
However, even at 5 PM, the filaments in rods tended to have
higher circularity than in cones, indicating an overall increase
in filament length in cone ISs compared with rod ISs (Fig. 4D).
At the synapse, the overall fluorescence intensity of
Impdhla_tvX1 decreased at night compared with daytime in
both rods and cones (Fig. 4, E and F). These results are sum-
marized in a schematic in Figure 4G.

Loss of Impdh1a significantly alters nucleotide homeostasis
but not cellular structure in retina

Given the abundance and selectivity of Impdhla tvX1 in
zebrafish photoreceptors, we hypothesized an important role
for this enzyme. To determine this, we analyzed the essential
splice site mutant Impdhla®?**** (32), which lacks the
Impdhla protein both in Western blots and in IHC (see
Figs. 1E and 3B). Thus, the sa23234 allele generates a gene
knock-out (impdhla KO). We sequenced the Impdhla**3*3*
transcript and found, as predicted, that an intron was retained
leading to a premature stop codon (Fig. 5, A and B). Further,
consistent with previous studies demonstrating negative
feedback regulation of IMPDH transcription (39), we found a
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Figure 1. Impdh1a_tv1a is the predominant variant in the retina. A, relative expression levels of all transcript variants for impdh1a, 1b, and 2 throughout
the day. For each graph, minimum expression = 1: impdh1a timepoints measured relative to 23:00, impdh1b relative to 9:00, and impdh2 relative to 15:00.
The black and white bars indicate lights on (9:00) and lights out (23:00) for animals under normal light/dark cycle, $ denotes p < 0.05 normal light/dark
compared with dark only at 9:00. B, comparison of relative maximum expression levels of impdh1a (9:00), 1b (23:00), and 2 (5:00) transcripts. C, comparison of
relative expression levels for all impdh1a transcripts detected in the retina at 9:00. N = 6 animals, the samples were in triplicate. D, schematic of impdhia
transcripts X1 to X4 and 544 (X0, NM_001002177.1); primer location for (C) indicated by arrows for both C-terminal and N-terminal reactions. See Table 1 for
primer/transcript information. E, Western blot of Impdh1a protein in WT and impdh1a®*?** zebrafish retinas using antibodies that recognize either X1 and X3
(C-terminal) or X1 and X2 (N-terminal) N = 2. F, quantification of Impdh1a_tvX1 protein levels throughout the day using the C-terminal antibody, and inset
shows representative Western blot with Ponceau S used as a loading control. Trend p =0.04, N = 2 animals per time point. N = 3 animals per time/data point
for all other panels except where noted. impdh, inosine monophosphate dehydrogenase; tv, transcript variant. ns p > 0.05, * p < 0.05, ** p < 0.01,
*x < 0001, *** p < 0.0001.

sa23234

significant upregulation of Impdhla transcript in ho-
mozygotes (Fig. 5C). In contrast, impdhlb and impdh2
expression were not substantially altered by the loss of
Impdhla protein (Fig. 5, D and E).

The retinal layers were intact and photoreceptor size and
organization appeared normal in the KO compared with WT
at 18 months (Fig. 5, F and M, left and middle panels). As a
control, we verified that Impdhla protein remained absent in
the KO at this age (Fig. 5G). Cone photoreceptor number and
outer nuclear layer (rod layer) thickness were not significantly
different between WT and KO (Fig. 5, I and J). This is
consistent with near normal expression of a single rod and

4 Biol. Chem. (2022) 298(1) 101441

cone-specific transcript in KO compared with WT retina
(Fig. 5K).

Because mitochondrial DNA replication continues in differ-
entiated cells independent of nuclear DNA replication, we
carefully analyzed photoreceptor mitochondrial morphology in
IHC and transmission electron microscopy (TEM) in the KO
compared with WT. Overall photoreceptor mitochondrial dis-
tribution, morphology, and cristae looked normal (Fig. 5, H and
M, right). We also did not detect changes in mitochondrial DNA
copy number using qPCR in either fed or fasted animals (Fig. 5L).

To determine whether there was an imbalance in purine
nucleotide synthesis pathways (Fig. 64), we compared total

SASBMB
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Figure 2. Structural and functional conservation between human and zebrafish IMPDH1. A, negative stain EM of purified human retinal variants
IMPDH1(546) & IMPDH1(595) and zebrafish Impdh1a (544) & Impdh1a_tvX1. The scale bar represents 100 nm. B and C, sequence alignment of human retinal
variants IMPDH1(546) and IMPDH1(595), zebrafish Impdh1a (544) NM_001002177.1, and zebrafish retinal variant Impdhla_tvX1 (XM_005159007.4).
B, conserved N-terminal alpha-helix in blue and gene beginning in pink. C, residues in orange (ordered) are resolved in cryo-EM structures of the human
protein (9), remainder of C-terminus in yellow is flexible and not resolved in structures (9). D, GTP-inhibition curves of zebrafish Impdh1a (544) (solid gray
line), Impdh1a_tvX1 (solid black line), and nonassembly Y12A protein (dashed black line). Each data point represents a triplicate and the error bars are
standard deviation. impdh, inosine monophosphate dehydrogenase; tv, transcript variant.

metabolite levels in retinas from impdhila KO with WT (Fig. 6,
B and C). We found a striking imbalance in purine nucleotides
consistent with the predominant expression of this rate
limiting enzyme. Guanine levels were reduced by more than 2-
fold, but remarkably the steady state cGMP levels under
ambient illumination were not affected. Increases in ribulose
5-phosphate also suggest that nucleotide synthesis pathways
are disrupted because of the loss of impdhla.

Discussion

The main findings from our study are the following: (1)
Impdhla_tvX1 is the most abundant impdh transcript in
zebrafish retina, (2) key structural and biochemical features are
conserved between the zebrafish and human predominant
retinal isoforms, (3) in retina, Impdhla_tvX1 is only present in
rods and cones where it forms abundant and dynamic fila-
ments, and (4) loss of Impdhla function significantly alters
nucleotide balance in retina but does not cause degeneration.
Zebrafish are firmly established as a powerful genetic model
with highly conserved photoreceptor physiology (40, 41). Our
new and significant findings presented here provide the
foundation to genetically dissect the cause of IMPDHI-
induced retinopathy using zebrafish.

IMPDH transcripts

Based on previous work (8, 36, 42), we predicted that
zebrafish photoreceptors primarily express Impdhla, however,
none of these studies determined which transcript variant
predominates. We sought to identify the specific transcript
expressed because tissue and cell-type specific functions often
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depend on the expressed isoform (43, 44). Gene duplications,
which are common in zebrafish, provide gene specialization
(subfunctionalization) (45). Owur findings presented in
Figures 1 and 3 show that for the study of Impdhl in the
retina, the zebrafish offers excellent cell class specificity of
gene expression; we detect a predominant single transcript
variant (X1) of impdhla that is expressed specifically in rods
and cones. In contrast, the impdhlb gene is more broadly
expressed throughout the zebrafish (36) and at lower levels in
the retina. We also confirm that in the retina, the Impdhl
paralogs show alternating circadian patterns of expression with
nearly tenfold daily changes, whereas Impdh2 does not (8).
Although protein levels showed a similar trend, the changes
are smaller than for mRNA consistent with the complicated
temporal and spatial relationships between protein and mRNA
levels (46).

Structural features of IMPDH

We have demonstrated that key structural and functional
properties of IMPDH1 splice variants are conserved between
the well-characterized human enzyme and zebrafish. Human
IMPDHI1 assembles polymorphic filaments upon binding the
allosteric effectors ATP and GTP (9, 46). These structural
features are conserved in zebrafish Impdhla and
Imphla_tvX1, and the point mutation Y12A disrupts assembly
in both species, suggesting that the assembly mechanism is
also conserved (Fig. 2A). In humans, IMPDH1 retinal splice
variants have specific structural features in the N- and C-ter-
minal splice extensions that reduce sensitivity to GTP inhibi-
tion. These sequences are conserved in zebrafish, with the
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Figure 3. Impdh1a_tvX1 is expressed exclusively in rods and cones. A, representative IHC images showing Impdh1a staining of WT and (B) KO adult
zebrafish retina at 11:00 AM using the C-terminal antibody. C, Impdh1a (green) and MTCO1 (magenta) immunostaining of WT-pigmented retina. The nuclei
are blue. C', magnified section of image in (C) showing Impdh1a filament localization in cones. The arrows indicate where Impdh1a filaments appear to form
in the OS. Note the tiering of photoreceptors normal in adult zebrafish retina. D, representative Impdh1a staining (green) and 4C12 (magenta) of bleached
retina showing the localization of Impdh1a with known zebrafish rod marker. The nuclei are stained blue. D', magnified section of (D) showing overlap of
Impdh1a with 4C12 (rod) staining. E, qPCR quantification of impdh1a, 1b, and 2 transcripts in coneless retina and (F) gPCR analysis of relative impdh1a, 1b,
and 2 expression in rodless retina. es7 and gnat1 are cone and rod specific genes, respectively. N = 3 animals and the error bars are standard error. IHC,
immunohistochemistry; impdh, inosine monophosphate dehydrogenase. ns p > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001.
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Figure 4. Impdh1a localization in photoreceptors is dynamic. A, representative IHC images of zebrafish outer retina at 11 AM and 11 PM stained with
antibodies against Impdh1a (top white and bottom green) and colabeled (bottom panels) with transgenic cone-targeted GFP (blue) and rods (4C12, magenta).
B, detailed IHC images of photoreceptor inner segments throughout the day. Impdhia (green) counterstained with cone or rod markers (magenta).
C, cumulative frequency distributions of particle circularity ratios in rods and cones throughout the day. N = 4 animals, three experiments each.
D, comparison of particle circularity ratios in cones and rods at 5 PM. E, detailed IHC images of photoreceptor synapses at 11 AM and 11 PM. Top, Impdh1a
(green) counterstained with cone (blue) or rod (magenta) markers. Middle and bottom, Impdh1a signal overlapping with cone or rod synapse masks,
respectively. F, quantification of mean synapse fluorescence in cones and rods at 11 AM and 11 PM, normalized to 11 PM. Each symbol is a different animal,
three experiments for each animal. G, hypothesized model for Impdh1a dynamics throughout the day. In daytime, longer Impdh1a filaments occupy the
inner segments, surrounding mitochondrial clusters (M) and nuclei (N). More subtle changes occur at synapses, with slightly reduced Impdh1a immu-
noreactivity at night. IHC, immunohistochemistry; impdh, inosine monophosphate dehydrogenase.

C-terminal extension part of Impdhla (544) and the N-ter- extension in reducing GTP sensitivity is dependent on filament
minal extension added in the splice variant Impdhla_tvX1 assembly, as it functions to bias assembly into a hyperactive
(Fig. 2, B and C). In humans, the effect of the N-terminal filament conformation (9). To test conservation of this

Table 2
Antibodies/dyes

Name Target Species Clonality Manufacturer Catalog # IHC dilution WB dilution
ImpdhlaC Impdhla C-terminus Rabbit in-house N/A 1:5000 1:500
ImpdhlaN Impdhla N-terminus Rabbit in-house N/A N/A 1:500
4C12 Unknown rod epitope Mouse mAb Fadool lab gift 1:200 1:200
MTCO1 complex IV mitochondria Mouse mAb Abcam ab14705 1:1000 1:1000
GFP Transgenic GFP Chicken pAb Abcam ab13970 1:5000 N/A
HOESCHT nuclei Invitrogen H3569 5uM N/A
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Figure 5. Loss of impdh1a does not alter the expression of impdh1b or impdh2 and does not cause photoreceptor degeneration. A, schematic of
impdh1a KO mutation, a G > T mutation at essential splice site between exon 5 and 6 resulting in a premature stop codon 11 amino acids after exon 5. B,
primary sequence of impdh1a_tvX1 compared with impdhia KO. Blue marks start of retained intron, purple marks premature stop codon in impdhia KO.
gPCR analysis of (C) impdh1a, (D) impdh1b, and (E) impdh2 transcripts at 11:00 AM in WT, HET, and impdhia KO retinas. N = 6 for WT and heterozygous
animals and N = 5 for KO animals. F, representative IHC images of 18 month old impdh1a WT and KO retinas with mitochondria (MTCO1) stained magenta.
Cone photoreceptors express eGFP under the cone transducin promotor (TaCP:eGFP) and are stained with eGFP antibody to visualize cones (green). The
nuclei are stained in blue. The images are maximum intensity projections of 20 stacks 0.3 um per step. G, control demonstrating lack of Impdh1a protein at
18 months in impdhia KO retinas. H, mitochondrial (MTCO1) staining of impdhia WT and KO retinas showing normal mitochondrial localization and
morphology in the KO retina at 18 months. /, cone nuclei quantification and (J) outer nuclear layer thickness (rod nuclei) comparing impdhi1a WT and KO
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Figure 6. Steady state guanine levels are dramatically reduced in impdh1a KO retinas. A, a schematic of purine nucleotide synthesis pathway. B, the
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tabolites at 11:00 AM with significant changes between WT and impdhia KO. The experiment was repeated twice, total N = 5 or 6 animals, and the error
bars are standard error. impdh, inosine monophosphate dehydrogenase. ns p > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001.

property, we introduced the nonassembly Y12A mutation in
Impdhla_tvX1 and found that this increased sensitivity to
GTP to the level of Impdhla, which lacks the N-terminal
extension, indicating that the effect of the N-terminal exten-
sion is dependent on polymerization of the zebrafish enzyme
(Fig. 2D). Thus, the regulation of Impdhla_tvX1 by polymer-
ization and N- and C-terminal extensions mirrors their effects
in human IMPDH]1, bolstering the case for the zebrafish retina
as a relevant and appropriate model to study the role of
IMPDH1 in the retina.

IMPDH filaments

Impdhla_tvX1 forms robust filaments in both rods and
cones (Figs. 3 and 4). This is consistent with recent findings in
mice and zebrafish (22, 36, 47) although Impdh filaments, as
measured by the appearance of aggregates, were only detected
in mouse photoreceptors after exposure to bright light and
then only in outer segments and not elsewhere in the cell (22).
This increase in filaments within the outer segment correlated
with elevated ¢cGMP synthesis in the whole retina and led
Plana-Bonamaisé et al. (22) to propose that filaments in

zebrafish retinas at 18 months. K, rod- (gnat1) and cone- (es1) specific transcripts in WT compared with KO. impdh2 transcript, which is not found in rod or
cones, used as a control. N = 5 animals for WT and N = 3 animals for KO. L, whole retina mtDNA copy number after feeding or after 18 to 24 h fasting; N = 3
for all the samples. M, representative TEM images of 18 month old WT and KO retinas showing high resolution morphology of retinal layers (left and middle
panel) and mitochondria (right) in 18 months impdh1a WT and KO retinas. impdh, inosine monophosphate dehydrogenase; tv, transcript variant. ns p >

0.05, * p < 0.05.
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photoreceptor outer segments are required for continued
c¢cGMP production during phototransduction. Recent work
with the human retinal variant and our work presented here
on the zebrafish retinal variant (Fig. 2) show that filaments
favor a conformation that resists GTP inhibition, which would
be predicted to increase guanine synthesis (9).

Here, we detailed filament dynamics during normal day-
night light cycles (Fig. 4). Our results show that under
normal lighting conditions, few filaments were detected in
outer segments. In contrast, the filaments are abundant in
synapses and throughout the cell body, around both the nu-
cleus and mitochondria in both rods and cones. These results
suggest an important role for nucleotide synthesis throughout
the cell, consistent with the role of guanine nucleotides in
many cellular processes and the robust vesicular trafficking
characteristic of photoreceptors. In Xenopus laevis, 80 million
rhodopsin molecules are transported/day from the inner to
outer segment (48), and synaptic vesicle release in photore-
ceptors is graded thus requiring large numbers of vesicles (49).
However, the recycling of guanine nucleotides that occurs in
these processes and in phototransduction might not require
significant new synthesis of guanine. Filament formation could
also provide a scaffold to organize signaling molecules (50).
Increased filaments in cones during the day could support
more guanine synthesis and is consistent with the extended
photopic range of cones compared with rods (51). Reduced
filament signals at night at the synapse could reflect the known
disassembly of the ribbon that occurs in zebrafish cone pedi-
cles (52).

Metabolic role of IMPDH

The overall morphology of the Impdhla KO retina using
IHC and TEM appeared largely normal (Fig. 5). We demon-
strate that this is not because of increased transcription of
either impdh1b or impdh2. This suggested that either impdhla
is not responsible for significant guanine production in pho-
toreceptors or that although guanine production is perturbed
in the KO, the photoreceptors are able to regulate the key
signaling molecule associated with cell degeneration, cGMP.
To analyze the importance of impdhla contribution to gua-
nine production, we conducted metabolomic analyses
comparing WT and impdhla KO retinas. We detected large
changes in guanine in KO retinas compared with WT,
consistent with a significant role for Impdhla_tvX1 in de novo
purine synthesis in photoreceptors, but notably cGMP levels
were normal (Fig. 6). We also found no change in mtDNA
copy number due to the reduced guanine levels in the KO,
even when guanine was potentially removed as a food source
in fasted animals. Previous work in mice found that the loss of
Impdh1 also did not cause significant loss of photoreceptors at
least through 10 months, although ERGs revealed a reduction
in the dark-adapted a-wave responses starting at 5 months
(53). A careful physiological analysis done at different ages
under different illumination conditions may also reveal subtle
changes in the photoresponse in the zebrafish KO. The in-
crease in ribulose-5-phosphate may reflect a change in
nucleotide metabolism from the pentose phosphate pathway.
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The key enzymes such as phosphoribosylpyrophosphate syn-
thetase and amidophosphoribosyltransferase are inhibited by
both guanine and adenine containing nucleotides (54). Future
experiments analyzing metabolic flux with different fuels will
dissect the regulation of purine synthesis in photoreceptors.

Conclusion

Our study provides a detailed evaluation of the main
IMPDHI1 transcript/protein in zebrafish retina. We have
determined that the zebrafish protein shares structural and
functional similarity with the human protein expressed in the
retina. This foundational study provides essential new infor-
mation required to exploit zebrafish for dissecting purine
metabolism in normal and diseased photoreceptors.

Experimental procedures
Zebrafish maintenance and retina collection

Zebrafish were maintained and used in accordance with the
guidelines of experimental protocols approved by the IACUC
of the University of Washington in Seattle (protocol number:
3113-02). The strains used were AB, AB/roya9 (55), the
transgenic strain Tg(gnat2:EGFP) (56) and impdhla®™*****,
which was obtained from the Zebrafish International Research
Center. For experiments with impdhla®*****, controls were
sibling WT fish. impdhla******* fish were identified by geno-
typing (Table 1). Coneless and rodless strains were
Tg(gnat2:mcu—2A—RFP)W248Tg (37) and rho™ (38), respectively.
To ensure that all cones had degenerated Tg(gnat2:mcu-2A-
RFP)*?*8T8 fish were between 12 and 18 months old. Males
and females were used in equal numbers for all experiments,
and no differences due to sex were noted. Fish ages were be-
tween 4 and 12 months old unless stated otherwise.

Fish were maintained in the University of Washington
ISCRM aquatics facility at 27.5 °C on a 14-h/10-h light/dark
cycle, with broad-spectrum white light and daily feedings
around 10 AM, 12 PM, and 5 PM 18 to 24 h before experimental
timepoints, the fish siblings were fasted to minimize effects of
feeding on Impdh distribution and nucleotide metabolism. The
fish were euthanized in an ice bath after cervical dislocation and
enucleation; for dark timepoints, euthanasia and dissections
were performed under infrared light.

Immunohistochemistry

Eyes from transgenic adult zebrafish in the AB or AB/roy*
background were placed into fixative (4% paraformaldehyde in
PBS, pH 7.3) at room temperature (rt), pierced across the
cornea with a needle, and the vitreous cavity was flushed with
fixative. After incubation for 1 to 2 h at rt, the eyes were stored
for up to 48 h at 4 °C, rinsed in PBS, and then cryoprotected in a
20% sucrose gradient overnight. For experiments measuring
rod photoreceptors, the eyes were bleached with 10% H,O, in
PBS overnight at 37 °C before sucrose gradient to remove
pigmentation of the retinal pigment epithelium. The following
day, the anterior halves of the eye were dissected away, and
eyecups were embedded and frozen in OCT cryomolds. The
eyecups were cryosectioned at 14 um; for time point analyses,

SASBMB



Impdh1 dynamic filaments produce most photoreceptor guanine

the sections from all animals were arranged on slides for par-
allel staining and analysis. The sections were washed in PBS,
then blocked for 30 min in blocking buffer (2% normal donkey
serum, 2 mg/ml bovine serum albumin, and 0.3% Triton X-100
in PBS). Primary antibodies diluted in the blocking buffer were
then applied to cryosections overnight at 4 °C. The antibodies
and stains are reported in Table 2. Secondary antibodies con-
jugated to AlexaFluor dyes were diluted at 1:2000 in blocking
buffer and incubated on sections for 1 h in darkness at RT.

IHC imaging and analysis

Imaging was performed on a Leica SP8 confocal microscope
with a 20x or 63x oil objective and 12 bit depth using Leica
LAS-X software (RRID:SCR_013673). For quantitative imaging
with the 63x objective, Z-stack images of photoreceptor re-
gions 100 to 200 um from the optic nerve were acquired every
0.3 um at 5000 x 625 pixel resolution for synapses and 4096 x
2048 pixel resolution for inner segments. The Z-stacks from
each animal and region were blindly analyzed using Image J
software (RRID:SCR_002285). For all, the cone and rod
Impdhla signals were isolated by creating masks with either
cone Tg(gnat2:eGFP) (RRID:ZDB-GENO-070829-1, (55)) or
the rod marker 4C12 (ZDB-ATB-090506-2). Three technical
replicates of staining and imaging were performed for each
animal. Representative images were postprocessed with Leica
Lightning deconvolution; brightness and contrast were
adjusted equally to ease visualization.

For inner segments

Three micrometer Z depth (ten frames) was projected at
maximum intensity, then cone and rod Impdhla signals were
isolated. The binary Impdhla images were created to include
pixels with intensities greater than half-maximum, a Gaussian
blur (radius 2) was applied, and Impdh1la particles larger than
20 pixels® were selected. Particle dimensions were measured,
and circularity was calculated using the following equation:
Circularity ratio = Minor axis/Major axis. Cumulative fre-
quency distributions of particle circularity were compared
using Kolmogorov—-Smirnov tests.

For synapses

Cone and rod Impdhla signals were isolated from a single
frame where GFP, 4C12, and Impdhla were clearly visualized.
Mean Impdhla fluorescence intensity was measured for rods
and cones separately. Statistical analyses were performed using
ANOVA with Kruskal-Wallis multiple comparisons.

Data analysis

Data were processed using Microsoft Excel (RRID:SCR_016137);
statistical tests were performed wusing GraphPad Prism
(RRID:SCR_002798).

For measurements of cone nuclei and outer nuclear layer
thickness

Retinas from 18-month-old WT and impdhla KO zebrafish
were dissected, sectioned, and stained with 5 uM HOESCHT
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to visualize nuclei. For each retina, the outer nuclear layer and
cone nuclei were measured from 185 pm? fields in triplicate
under 63x magnification. The stack for each field was gener-
ated from maximum intensity projection of 20 stacks, 0.3 uM
apart (6 uM). The cone nuclei were manually counted, and
outer nuclear layer (rod nuclear layer) thickness was quantified
using Image J.

Antibodies and Western analysis

The company Pacific Immunology  (https://www.
pacificimmunology.com) generated polyclonal antibodies in
rabbits from the following N and C terminal sequences (N ter-
minus ERYVDGDREGYQIDYRRIVGD-Cys and C terminus
Cys-TRNGYIEPGSRGHPRAGPNVPSPAVTKHSS). The anti-
bodies were provided affinity purified. Western blots were con-
ducted, as previously described (57). After Western blot transfer,
the membranes were stained with Ponceau S (Sigma #P7170),
washed with water, and imaged as a loading control.

Transmission electron microscopy

TEM preparation and imaging was done, as previously
described (37).

Metabolomics

Fish were fasted for 18 to 24 h. The retinas were rapidly
dissected from eyes, rinsed in Krebs—Ringer bicarbonate buffer
(98.5 mM NaCl, 49 mM KCl, 1.2 mM KH,PO, 1.2 mM
MGSO4-7H,0, 20 mM Hepes, 2.6 mM CaCl-2H,0, and
25.9 mM NaHCO3;) and then immediately frozen. The retina
samples were homogenized in 140 pl cold 80% methanol
(methanol:water (80:20 V/V)) using a microtube homogenizer.
The samples were stored on dry ice for 30 min, then centri-
fuged at 15,000 RPM for 15 min. The supernatant was dried by
the gel pump (Savant), and then the dried extract was recon-
stituted with 100 pl of mobile phase (a mixture of A:B at 30:70
in V/V) for targeted metabolomics, as reported (58, 59). The
metabolite extracts were analyzed by a Shimadzu LC Nexera
X2 UHPLC coupled with a QTRAP 5500 LC-MS/MS (AB
Sciex). An ACQUITY UPLC BEH Amide analytic column
(2.1 x 50 mm, 1.7 um) (Waters Corp) was used for chro-
matographic separation. The mobile phase was (A) water with
10 mM ammonium acetate (pH 8.9) and (B) acetonitrile/water
(95/5) with 10 mM ammonium acetate (pH 8.2) (All solvents
were LC—MS Optima grade from Fisher Scientific). The total
run time was 11 min with a flow rate of 0.5 ml/min and an
injection volume of 5 pl. The gradient elution was 95 to 61% B
in 6 min, 61 to 44% B at 8 min, 61 to 27% B at 8.2 min, and 27
to 95% B at 9 min. The column was equilibrated with 95% B at
the end of each run. The source and collision gas was N,. The
ion source conditions in positive and negative mode were as
follows: curtain gas (CUR) = 25 psi, collision gas (CAD) = high,
ion spray voltage (IS) = 3800/-3800 V, temperature (TEM) =
500 °C, ion source gas 1 (GS1) = 50 psi, and ion source gas 2
(GS2) = 40 psi. Each metabolite was tuned with standards for
optimal transitions. D4-nicotinamide (Cambridge Isotope
Laboratories) was used as an internal standard. The extracted
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MRM peaks were integrated using MultiQuant 3.0.3 software
(AB Sciex).

gRT-PCR and identification of transcripts

Extraction of RNA, cDNA synthesis, and qRT-PCR ampli-
fication were conducted, as previously described using TATA-
box binding protein as a reference gene (37, 60). The primers
are listed in Table 1. For impdhlb amplification, primer set 1
was used for Figures 1, A and B and 5C, and primer set 2 was
used for Figures 3, F and G and 5C. Mitochondrial DNA
quantification was performed, as described (61).

Protein purification

Purified Impdh protein was prepared, as described previously
(35). BL21(DE3) E. coli transformed with a pSMT3-Kan vector
expressing N-terminal 6xHis-SMT3/SUMO-tagged Impdh
were cultured in LB at 37 °C until reaching an Aggg of 0.9 then
induced with 1 mM IPTG for 4 h at 30 °C and pelleted. The
remainder of the purification was performed at 4 °C. The pellets
were resuspended in lysis buffer (50 mM KPO,, 300 mM KClI,
10 mM imidazole, and 800 mM urea, pH 8) and lysed with an
Emulsiflex-05 homogenizer. The lysate was cleared by centri-
fugation and SUMO-tagged IMPDH chromatographically pu-
rified with HisTrap FF columns (GE Healthcare Life Sciences)
and an Akta Start chromatography system. After on-column
washing with lysis buffer and elution (50 mM KPO,, 300 mM
KCl, and 500 mM imidazole, pH 8), the peak fractions were
treated with 1 mg ULP1 protease (62) per 100 mg IMPDH for
1 h at 4 °C, after the addition of DTT to 1 mM and urea to
800 mM. Protein was then concentrated using a 30,000 MWCO
Amicon filter and subjected to size-exclusion chromatography
using Akta Pure system and a Superose 6 column preequili-
brated in filtration buffer (20 mM Hepes, 100 mM KCl, 800 mM
urea, and 1 mM DTT, pH 8). The peak fractions were
concentrated using a 10,000 MWCO Amicon filter, then flash-
frozen in liquid nitrogen and stored at -80 °C.

IMPDH activity assays

Protein aliquots were diluted in the activity buffer (20 mM
Hepes, 100 mM KCl, and 1 mM DTT, pH 7.0). The reactions
(100 pl total) were performed with 1 pM protein, 1 mM ATP,
1 mM IMP, 300 uM NAD+, and varying GTP in 96 well UV
transparent plates (Corning model 3635). NADH production
was measured by optical absorbance (340 nm) in real-time
using a Varioskan Lux microplate reader (Thermo Scientific)
at 25 °C, 1 measurement/min, for 15 min; the absorbance was
correlated with NADH concentration using a standard curve.
Each data point was performed in triplicate, and averages are
graphed with standard deviation error bars.

Negatively stained electron microscopy

Protein preparations were applied to glow-discharged
continuous carbon EM grids and negatively stained with 2%
uranyl formate. The grids were imaged by transmission elec-
tron microscopy using a FEI Morgagni at 100 kV acceleration
voltage and a Gatan Orius CCD. Micrographs were collected at
a nominal 22,000x magnification (pixel size 3.9 A).
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Data availability

Raw data used to generate graphs are presented in sup-
porting Excel files 1 through 6.

Supporting information—This article contains supporting informa-
tion (Supplemental Data Figures 1-6).
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